Background: Effective target regions for deep brain stimulation (DBS) in Parkinson's disease (PD) have been well characterized. We sought to study whether the measured Cartesian coordinates of an implanted DBS lead are predictive of motor outcome(s). We tested the hypothesis that the position and trajectory of the DBS lead relative to the midcommissural point (MCP) are significant predictors of clinical outcomes. We expected that due to neuroanatomical variation among individuals, a simple measure of the position of the DBS lead relative to MCP (commonly used in clinical practice) may not be a reliable predictor of clinical outcomes when utilized alone.
Introduction
Parkinson's disease (PD) is a neurodegenerative disorder that impacts multiple motor and non-motor basal ganglia circuits [1, 2] . PD typically manifests between 55 and 65 years, though sufferers can be of any age and also of any ethnicity [1] . The common motor symptoms include resting tremor, rigidity, micrographia, bradykinesia, speech issues, swallowing problems, and difficulties with balance [1] . PD has been associated with non-motor symptoms including sleep disorders, depression, apathy, anxiety, cognitive impairment, and sexual dysfunction [3] . Deep brain stimulation (DBS) is a surgical therapy that has been shown to improve tremor, motor fluctuations, and levodoparesponsive symptoms in a subgroup of well-characterized and carefully screened PD patients [4] [5] [6] [7] . The subthalamic nucleus (STN) and the globus pallidus interna (GPi) have both been demonstrated to be effective targets for DBS in PD [8, 9] . There are, however, important target-specific differences between STN and GPi DBS. The STN is commonly the preferred DBS target, particularly for younger patients, though this has not been thoroughly tested. Results from studies have revealed that STN DBS improves many of the cardinal motor symptoms of PD (tremor, rigidity, bradykinesia), requires lower energy input when compared to GPi DBS, and facilitates a greater reduction in levodopa requirements [4, [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] . GPi DBS has been proposed as a potential better target for patients with severe dyskinesia and for those patients with preoperative cognitive or psychiatric dysfunction [21] . Several randomized studies have demonstrated the safety and efficacy of DBS in PD, however, reported outcomes have been widely variable, especially when examining results from individual patients [4] [5] [6] [7] . A broad spectrum of adverse effects and also benefits has emerged. Declines in verbal fluency associated with STN DBS have, for example, been linked more to a surgical microlesion, rather than to a stimulation-induced effect [22] .
The precise anatomic targets that most effectively modulate an individual symptom or symptom complex have not been clearly defined. It has been hypothesized that better motor outcomes might be achieved by applying DBS to specific sub-regions within the STN or GPi targets or by alternatively delivering a therapeutic amount of electrical current to neighboring fiber bundles, rather than stimulating within the targets themselves [21, 23] . A region around the STN, inclusive of an area dorsal to the gray matter target (at the interface of the STN, zona incerta, and Forel's fields) has been shown to be an effective target for stimulation and has been shown to reduce the motor signs of PD in a large case series [23] [24] [25] [26] [27] [28] . However, targeting this region may not produce optimal outcomes in all patients, with many deriving maximal benefit from stimulation within the borders of the STN itself. Currently, the DBS lead location is most commonly qualitatively derived from a postoperative CT, MRI, or MRI-CT fusion (postoperative CT fused to preoperative MRI) without the use of atlas matching. This qualitatively derived lead location has been used at the bedside to determine the acceptability of the final location of the DBS lead. This bedside methodology, however, is flawed in that it fails to address the proximity of the DBS lead to the many important surrounding structures (e.g. internal capsule, sensory pathways, ocular pathways), and it does not address changes in clinically relevant measures. As imaging and other modalities evolve technologically, we will be able to more specifically target connections within the basal ganglia circuitry (e.g. diffusion tensor imaging (DTI) and tractography). Table 1 summarizes the many differing methodologies that have been used to derive postoperative lead locations.
The aim of the current study was to examine whether the precisely measured Cartesian coordinates (x, y, and z coordinates of the active contact, AC-PC angle, and centerline angle) of an implanted DBS lead are predictive of motor outcome(s) (UPDRS motor ratings) in PD. We aimed to test a methodology that is widely utilized across community and academic centers. We hypothesize that the position and trajectory of the DBS lead relative to the MCP are significant predictors of clinical outcomes. Our expectation was that, due to substantial variation in neuroanatomy among individuals, a simple measure of the position of the DBS lead relative to MCP may not be a reliable predictor of clinical outcomes when utilized alone.
Methods

Participants
The study protocol was approved by the Institutional Review Board (IRB) at the University of Florida (UF). The study utilized data from the UF INFORM (Interdisciplinary Florida Registry and Movement Disorders) database of DBS patients. The patients were de-identified in our analysis. Patients gave written approval on informed consent documentation to have their health information recorded and used for purposes of research, as approved by UF IRB.
There were 106 PD subjects drawn from the University of Florida Center for Movement Disorders and Neurorestoration. PD patients were diagnosed utilizing UK Brain Bank criteria and were implanted with unilateral STN or GPi DBS during the period between 2002 and 2012 [29] . Potential candidates were considered appropriate for DBS therapy if they presented with idiopathic PD with an adequate response to dopaminergic medication and at least one of the following: severe on/off fluctuations, disabling ''off'' time not addressed by medications, severe dyskinesia, and/or a medication-resistant tremor [30] . Patients were screened by a multi-disciplinary team that includes a neurologist, a neurosurgeon, a neuropsychologist, a psychiatrist, a physical therapist, an occupational therapist, and a speech therapist. The team met and discussed surgical candidacy, risks and benefits of DBS therapy, targets, and approaches. Potential candidates were screened using a levodopa/dopaminergic challenge test to determine the response of individual symptoms to standard dopaminergic therapy [31] . Patients were asked to refrain from taking dopaminergic medications twelve hours prior to all neurological evaluations. Motor symptoms in the offmedication state were evaluated using the Unified Parkinson's Disease Rating Scale motor section (UPDRS III). Patients were ''challenged'' with a suprathreshold dose of dopaminergic medication and then re-tested in an on-medication state. A change score was calculated using the difference between offmedication and on-medication UPDRS III scores [31] . Though a 30% improvement in UPDRS score on a dopamine challenge test has been generally accepted as a minimum requirement for undergoing DBS surgery, patients in this series who failed to meet this response threshold were possibly considered for surgery if the interdisciplinary risk-benefit analysis discussion was favorable and they had one of the following exceptional indications for DBS: severe and debilitating on/off-medication symptom fluctuations that were inadequately measured with UPDRS testing (e.g. disabling dyskinesia) or medication-refractory tremor [31] .
All patients were evaluated at the University of Florida Center for Movement Disorders and Neurorestoration, and all surgeries were performed at the University of Florida Hospital. Highresolution postoperative CT scans were performed approximately thirty days following DBS lead implantation to allow for complete resolution of any post-operative pneumocephalus or brain shift.
Inclusion/Exclusion Criteria
Subjects who underwent unilateral GPi or STN DBS surgery were considered for this study. Within this cohort, subjects were excluded if they were missing any baseline measures or any postoperative UPDRS measures. Systematic and comprehensive pre-and postoperative data collection was performed for each patient. The UPDRS III motor score was collected at each visit and scored by a movement disorders neurologist who had completed the MDS UPDRS training.
Neurosurgical Procedures
Details of the surgical procedure have been previously published [22] . Briefly, the lead is stereotactically implanted into the brain, and the pulse generator is implanted approximately one month following lead implantation, typically into the subclavicular region.
MRI imaging was performed one day prior to the DBS operation, and a high-resolution, stereotactic CT scan was obtained after application of a stereotactic head ring on the day of surgery. The MRI and CT scan were fused, and a Cartesian coordinate system based on the anterior and posterior commissures was established. A preliminary, indirect target was selected based on typical brain atlas coordinates of the target structure and a safe trans-frontal lobe trajectory to the target was found (avoiding cortical and periventricular veins, sulci and ventricles) by manipulating entry angles. A deformable, three dimensional Mean lead tip and active electrode coordinates did not differ between the group with the best outcomes and the group with the worst outcomes.
Electrodes with good outcome were near the intercommissural plane [51] .
Legend: STN-subthalamic nucleus, GPi-globus pallidus internus, VIM-ventralis intermedius nucleus, MER-microelectrode location. doi:10.1371/journal.pone.0093524.t001 digital brain atlas was then rotated, translated, and scaled to find a best fit atlas representation of each individual patient's deep brain anatomy using both high-resolution, contrasted MPRAGE images (T1) and FGATIR images (modified inverted T1), which represent deep brain structures much more clearly. The preliminary indirect target and trajectory were then revised to match the desired direct target on the patient's own imaging and the patient-specific deformed atlas [30] . Physiologic confirmation and fine-tuning of the target region was performed using detailed microelectrode recording (MER). Two or more microelectrode passes were typically made to confirm the target structure and identify its critical boundary with the internal capsule [30] . Patients were awake during the surgery and were typically off all antiparkinsonian medications for twelve hours prior to surgery, as the offmedication state provided optimal conditions for using MER and for identifying the typical physiological changes associated with PD. Once a final DBS lead location was selected, the neurosurgeon implanted the DBS lead and the lead position was evaluated with macrostimulation, where stimulation thresholds (the voltage required at standard frequency and pulse width to produce side effects and benefits) were explored and recorded. Two to four weeks after this initial operation, a second procedure was performed where the pulse generator was implanted in the anterior chest wall and connected to the DBS brain lead with a tunneled extension cable [30] . The delay in device activation was to allow edema from the brain implantation to resolve and to eliminate the bias of surgical changes that may have affected tissue impedance and DBS programming [30] .
Image Analysis
Lead locations were measured using a postoperatively acquired, high-resolution CT scan (obtained approximately thirty days post-DBS lead placement to allow for complete resolution of any postprocedure pneumocephalus or brain shift). Postoperative CT images were fused to preoperatively acquired MRI images [32] . This CT-MRI fusion technique has been previously demonstrated to be a very accurate method for identifying the postoperative lead location, since the CT is not subject to the same degree of lead artifact and image distortion as is seen on postoperative MRI studies [32] .
The AC-PC based Cartesian coordinate system was used to represent the position of the carefully measured center of the deepest aspect of the deepest cylindrical contact of the DBS lead relative to the MCP. The entry angles (coaxial with the four contact electrode array and ignoring superficial lead trajectory), relative to the AC-PC line sagittally and the median plane coronally, were measured, allowing the simple vector calculation of the position of the centroid of each of the four contacts, based on the known, fixed geometry of the DBS lead. The location of the lead was identified on the CT and projected onto the fused MRI/ deformed atlas hybrid to visualize the precise position of the DBS contacts relative to the patient's deep brain anatomy.
The location of the center of each of the four DBS contacts was calculated based on the location of the center of the deepest cylindrical contact of the lead. Typically, only one contact was activated and produced the desired stimulation effect, and the coordinates of this active contact was used in our analysis. When two monopolar contacts were activated simultaneously in an individual patient, the center of the active contact array was calculated as the midpoint between the two cathodal contacts and was used for analysis. The Euclidean distance of each lead from MCP was also calculated using the x, y, z coordinates.
Clinical Outcomes
Pre-and postoperative scores on the UPDRS III were used for the analysis. Preoperative baseline and four-month postoperative scores were compared. Four-month postoperative visits were chosen because clinical measures were systematically collected in both on-medication and off-medication states at that interval.
The Unified Parkinson's Disease Rating Scale Part III (UPDRS III) is a validated measure of motor function in PD. It has fourteen clinician-rated items that include ratings of tremor, bradykinesia, rigidity, postural stability, gait and balance [33] . Items are rated from zero (normal) to four (severely affected) [33] .
Statistics
Patients were grouped separately based on target: STN or GPi. Separate hierarchical linear regressions were conducted among each group. The change in UPDRS motor off-medication scores from baseline to the four-month follow-up were calculated and were used as the dependent variable for each regression. Independent variables in each regression included coordinate data (x, y, and z coordinates of the active DBS contact) and the AC-PC and centerline angles. Next, coordinate data, AC-PC angle, and centerline angle data were entered into a single model. Hierarchical regressions were computed to examine the effect of this model on the changes in UPDRS motor scores. Finally, the Euclidean distance was entered into a model with the changes in UPDRS scores.
Results
Patient Demographics
There were 62 unilateral STN DBS subjects and 44 unilateral GPi DBS subjects identified in the database query. Of this original group, 88.7% (55) of STN DBS subjects and 93.2% (41) of GPi patients met inclusion criteria for the study. There were 16 left GPi DBS, 25 right GPi DBS, 33 left STN DBS, and 22 right STN DBS subjects included. The 10 excluded subjects consisted of 1 rapidly staged bilateral DBS subject (had a second DBS lead implanted before 4-months), 2 subjects lost to follow-up, and 7 subjects who had either missing rating scales or whose evaluations were performed outside the study window. The general characteristics of subjects included in this cohort are summarized in Table 2 . There were no significant differences at baseline between STN and GPi subjects.
Clinical Outcomes
This study defined improvement as any positive change in score for the UPDRS. Comparing baseline off-medication UPDRS to 4- month off-medication DBS scores revealed a mean improvement of 24.5% in the STN group, and 16.6% in the GPi group. There was no randomization of target selection for this study, and the multi-disciplinary team in general favored the GPi in more complex cases (e.g. cognitive issues, gait problems, significant comorbidity).
Lead Location, ACPC & Centerline Angle
The relationship was analyzed between the 4-month active contact coordinates and the patient outcome. The active contact coordinate data was calculated for the STN (Table 3) and GPi (Table 4) groups. A linear hierarchical regression was performed to determine if patients were more likely to improve based on lead coordinates. For STN ( Table 5) and GPi ( Table 6 ) patients, the x, y, z coordinates were not significantly predictive of the patients' UPDRS Off medication-on stimulation score. Additionally, separate hierarchical regression found the AC-PC angle and centerline angle did not contribute to a change in UPDRS score for either the GPi or STN group (all p-values..1).
Model of Predictors
The model of predictors (active contact coordinates, ACPC and centerline angle) was not significantly predictive of change in UDPRS for either the STN (Table 7) or the GPI group ( Table 8) . Inspection of individual predictors revealed that, within the GPI group, the y-axis (AP) coordinate (Beta = 0.310, p = 0.082) was the only individual predictor of change in UPDRS motor scores that approached significance. None of the individual predictors approached significance within the STN group.
Euclidean Distance
The Euclidean distance from MCP was entered into a linear regression model with change in UPDRS score. There was no significant correlation.
Discussion
There is broad agreement that the therapeutic effects of DBS are dependent on lead location, but this is not often quantified unless patients experience a negative clinical outcome. However, the benefits of lead localization extend beyond simply troubleshooting poor responders. As illustrated in Table 1 , many groups have performed lead localization in order to better understand the neuroanatomical targets of DBS. And it is likely that if we could determine location in a quick, easy and uniform way across DBS centers, we could develop a more detailed understanding of the correlation between clinical outcomes and stimulation location. This would be highly desirable for at least two reasons. First, it would facilitate our understanding of why some patients do not have good therapeutic benefit from DBS. Second, it would allow a much more detailed understanding of how clinical outcomes vary as a function of lead location for both motor and non-motor outcomes.
In this paper we examined whether simple measures of lead location (x, y, z coordinates and trajectory angles) were predictors of motor outcomes in PD patients receiving STN DBS. We chose these measures because they can be efficiently computed using imaging acquired as standard care at most DBS centers, and we purposely did not employ complex research methodologies that would be hard to employ in clinical practice. Unfortunately, these simple measures do not provide sufficient predictive power for motor outcomes. We suspect that this is partly because they fail to take into account the considerable neuroanatomical variability that is known to exist among patients, and partly because they fail to account for stimulation location. With regard to the latter, stimulation location is known to vary depending on the details of the stimulation protocol (amplitude, pulse width, frequency, selection of anodes and cathodes). These factors will be further explored in a subsequent study.
Our results indicate that the use of coordinate-based lead location data (x, y, z coordinates of the active DBS contact) was not correlated to PD DBS motor outcome. This result was somewhat expected, as the MCP coordinate system does not take neuroanatomical variation between patients into account. It is possible that the combination of coordinate data and voltage data from the active contact may be more predictive of outcome than the use of coordinates alone [34] . Additionally, baseline measures of UPDRS off-medication and the disease duration may also be predictive of outcome, both independent of location and when utilized with lead location data [35] . More sophisticated methods of localizing the center of the active contact may also better correlate location with outcome. Stimulation location, which is distinct from lead location alone, has previously been shown to predict outcome and may be able to provide clinicians with targets more tailored to specific symptoms [23] . It is critical that clinicians remain aware of the many factors, beyond imaging, that may impact outcome.
In the GPi DBS model, the y-or antero-posterior coordinate approached but did not reach significance in contributing to clinical outcomes. The relative sizes of the two targets could account for the AP coordinate being important in only GPi DBS. The GPi is much larger than the STN [36] . The results also revealed that as the y-coordinate increased (indicating that the lead was located more anterior in the GPi), the UPDRS III score worsened. This finding is consistent with the literature, which suggests that the posterior-ventral region of the GPi is a preferable site for PD DBS [37] . It is also consistent with the notion that the GPi is a bigger target than the STN (478 mm 3 versus 158 mm 3 ) [36] and therefore may be prone to more error in the final anteroposterior position of the DBS lead. Since the result only trended toward significance, a larger sample size will be needed to confirm this finding.
Limitations
This study was somewhat limited by the current technology that is available for measuring DBS lead locations. Although demonstrated to be accurate technologies for measuring lead locations, CT-MRI fused images possess potential inaccuracies due to fusion errors or mild effects of artifacts [38] .
The study utilized the available data from the UF center, which was unilateral DBS implantations. A future analysis of bilateral cases could possibly yield a better correlation, though it should be noted that DBS outcomes can be more precisely calculated when analyzing only a single lead position.
Lead location measurements were only included from 30 day post-surgery CT scans, and therefore these measurements did not account for potential long-term lead migrations at the time of the 4-month scales. Lead migrations have been reported to occur in 2-3% of cases [39] . Additionally, post-surgical swelling may not be completely resolved 30 days postoperatively, and it is possible, though unlikely, that the final DBS lead location could have been slightly different.
The relative lack of variance among the target coordinate locations may have biased the overall outcomes of this study. The leads in this single experienced DBS center were not surprisingly, placed with little variance. This lack of variance may have impacted the overall power of our dataset to detect changes, especially in the smaller STN target. A follow-up multi-center DBS study may provide us with a larger amount of variance and possibly better results.
Conclusion
A common approach for examining DBS lead location is based on visual inspection of a postoperative CT, MRI, or CT-MRI fusion. It is much less common to actually measure the postoperative coordinates. These common techniques do not address the proximity of the DBS lead to important surrounding structures (e.g. internal capsule, sensory pathways, ocular pathways), nor do they address changes in clinically relevant outcomes. The current study suggests that utilizing x, y, z coordinates, the AC-PC and centerline angles has important limitations. Our group has adopted the use of a three dimensional analysis of the postoperative lead location using a morphed neuroanatomical atlas image. We have observed great inter-individual heterogeneity in neuroanatomy across our cases, and therefore we have used atlas matching, programming data, and UPDRS outcomes to evaluate outcome in our patient population. Graphic representation of lead position relative to neuroanatomical targets through atlas matching, and the use of programming data such as thresholds for stimulation induced side effects, are likely necessary to effectively predict clinical outcomes. The true clinical utility of these factors will be needed to confirm their usefulness in clinical practice. 
